This paper reports on the consauction of a model for segmental duration in German. The model predicts the durations of speech sounds in various textual, prosodic, and segmental contexts. It has been implemented in the German version of the Bell Labs text-tospeech system [18, 121. The construction of the duration system was made efficient by the use of an interactive statistical analysis package that incorporates the approach outlined in [23]. The results are stored in tables in a format that can be directly interpreted by the ' I T S duration module. Tables are constructed in two phases: inferential-statistical analysis of the speech corpus, and parameter estimation. The overall correlation between observed and predicted segmental durations is .896.
INTRODUCTION
The primary goal of this study was to analyze and model durational pattems of natural speech in order to achieve an improved naturalness of synthetic speech. In natural speech, segmental duration is strongly context dependent. For instance, in our German speech database we observed instantiations of the vowel [e] that were as short as 35 ms in the word ''jgtzt" and as long as 252 ms in the word "H-erren". Among the most important contextual factors are the position of the word in the utterance, the accent status of the word, syllable stress, and the segmental context. These factors and the levels on them jointly define a large feature space. The task of the duration component of a text-to-speech F S ) system is to reliably predict the duration of every phone depending on its feature vector. An additional requirement is that the feature vector be computable from text.
The prevalent type of duration model is a sequential rule system as proposed by matt [7, 8] . Starting from some intrinsic value, the duration of a segment is modified by successively applied rules. Mod , and we used it in the present study. We will now describe the construction of the duration system in more detail. It is important to note that this database was not optimal for the purpose of duration system construction, because no attempt was made to cover the greatest number of distinct feature vectors. By contrast, in their study of Mandarin Chinese duration, Shih and A0
SPEECH DATABASE
[la] used greedy methods [21] to select a few hundred sentences that covered the same set of feature vector rypes as the much larger set of 15,000 sentences from which the sentences were drawn.
. CATEGORY TREE
Constructing the duration system requires two major steps: setting up a category tree that splits up the factorial space, typically in terms of broad phoneme classes and intra-syllabic location, and selecting a particular sums-of-products model for each leaf of the tree. Figure 1 shows the category tree of the German duration system. The tree represents a factorial scheme, i.e., the set of factors and distinctions on these factors that are known or expected to have a significant impact on segmental durations. Knowledge-based distinctions in the factorial scheme rely on three types of empirical information:
1. Conventional distinctions based on phonetic and phonological features assigned to the segments. e.g., between vowels and consonants or between continuant and abrupt consonants.
The underlying criteria for these distinctions are language independent. Qualitative observations as reported in the (sparse) research literature on segmental duration in German, such as: "Utterance-final lengthening affects the final two syllables only if the penultimate syllable is stressed, otherwise only the final syllable is affected [9] .
Exploratory studies. In a pilot experiment we found that the single most important segmental context factor for vowel duration was whether or not the syllable coda was empty, in other words: whether the vowel was the nucleus of an open or a closed syllable. The segmental composition of the coda was significantly less important. Since our main goal is to develop a duration module as part of a 'ITS system, an important additional requirement in setting up the category tree was that the factors can be computed from text by the text analysis components of the system. The tree structure reflects a compromise between the attempt to obtain homogeneous classes by fine sub-categorization and retaining a reasonable number of observations at each leaf of the tree. Note the we use homogeneity not in the sense of the cases at a leaf having similar durations (minimal variance, as in CART), but in the sense that the same factors have the same effects on these cases, so that their behavior can be c a p turd by one and the same sums-of-products model. The following categorical distinctions were made: Vowels vs. consonants. This distinction is rather obvious and based on well-established phonetic and phonological knowledge, e.g., the observation that some factors like stress and speaking rate have, quantitahvely speaking, very different effects on vowels than on consonants.
Vocalic distinctions. Vowels were sub-categorized into central vowels (schwa), diphthongs, and full (noncentral) monophthongs. 
PARAMETER ESTIMATION
In this analysis, we did not explore the full space of sums-ofproducts models; for practical reasons, we only fitted the additive and the multiplicative model. Since the multiplicative model had a uniformly better fit, we only report results on the latter. By fitting the multiplicative model, the resulting parameter estimates can be considered as approximations of the marginal means in a hypothetical data base where each factorial combination occurs equally often (a balanced design). For this reason, we call these parameter estimates corrected meum. Table 1 shows the best estimates of corrected means for the entire database. Table 2 gives correlations and mot mean squared deviations of observed and predicted data. Because of differences in the numbers of observations and in the ranges of durations, these statistics are not strictly comparable with each other. The overall correlation between observed and predicted segmental durations for the entire database is .896.
SUMMARY
We constructed a quantitative model of segmental duration in German by estimating the parameters of the model based on a segmented speech database. This approach uses statistical techniques that can cope with the problem of confounding factors and factor levels, and with data sparsity. The results show rather homogeneous pattems in that speech sounds within a given segment class gener- Figure l) , number of observations, correlation and mot mean squared deviation of observed and predicted data.
ally exhibit similar durational mnds under the influence of the same combination of factors. Among the most important factors are: a) syllable stress (for nuclei, and to some extent for stops and fricatives in the onset); b) word class (for nuclei); c) presence of phrase and word boundaries (for coda consonants, and to some extent for nuclei). The analysis yields a comprehensive picture of durational characteristics of one particular speaker. The duration system has been implemented in the German version of the Bell Labs text-tospeech system.
